al., 1997). The biocytin-stained cells we recovered (n ϭ
13) were small pyramidal cells or spiny stellate cells in mean efficacy of single TC connections was significantly stronger than that of IC connections. The aim of our layer 4 or on the border between layers 3 and 4. Unless otherwise noted, NMDA receptors were blocked and study was to determine the mechanisms for this difference in efficacy by estimating, in either absolute or rela-AMPA receptor-mediated excitatory postsynaptic currents (EPSCs) or EPSPs were recorded. As described tive terms, the quantal size, innervation ratio, and release probability for the TC and IC pathways. in detail below (Figure 7) , under control conditions the
Quantal Size of TC and IC Synapses (q)
The origins of spontaneous synaptic events in a cortical neuron are usually unknown. To measure the quantal size of TC and IC synapses selectively, it was necessary to evoke quantal events in such a way that their origin was identifiable. We used two different strategies: the induction of asynchronous release and the reduction of release probability.
Asynchronous Release in Sr

2؉
When extracellular Sr 2ϩ is substituted for Ca 2ϩ , evoked transmitter release becomes asynchronous and prolonged, and single quantal events can be seen in isolation (Dodge et al., 1969; Abdul-Ghani et al., 1996; Oliet et al., 1996) . In the presence of Sr 2ϩ , a single stimulus to either TC or IC axons evoked a greatly increased frequency of small-amplitude synaptic currents that lasted for about 1 s ( Figures 1A and 1D ). We stimulated each pathway at Ͻ0.1 Hz and measured the amplitude distributions of isolated EPSCs during the 10-400 ms interval after each stimulus. The sizes of synaptic events were stable over the duration of the sampling period, as shown for a representative cell in Figures 1B and 1E, and they were well above the current noise (insets to Figures 1C, 1F , and 1I). The frequency of spontaneous EPSCs (about 0.5-1 Hz) was at least one order of magnitude lower than that of evoked synaptic events under the same conditions ( Figure 1G ). Thus, our samples of TC and IC EPSCs were contaminated Ͻ10% by spontaneous EPSCs. The amplitude distributions of TC and IC EPSCs within a single neuron were very similar to each other ( Figures 1C and 1F ) and to those of unidentified spontaneous EPSCs (Figures 1G-1I ). Figure 1J shows the close similarity between the amplitude distributions of TC, IC, and spontaneous EPSCs for a single cell. Reduced Release Probability dendrites, the electronics, or both. Nevertheless, this
To obtain an independent estimate of the size of single filtering appeared to be similar for TC and IC synapses.
TC and IC quanta, we used extracellular Cd 2ϩ to block Our data suggest that the mean sizes and shapes of the evoked entry of Ca 2ϩ into presynaptic terminals. This quantal events from TC and IC synapses are identical.
reduces release probability, leads to frequent failures To measure the unclamped quantal EPSP size, and of synaptic transmission, and greatly increases the to help rule out the possibility that voltage clamp errors chances that successful transmission consists of miniselectively distorted the quantal size distribution of one mally sized (presumed quantal) events. We added 10-20 of the pathways, we repeated the Sr 2ϩ experiments un-M Cd 2ϩ to the perfusion solution and used low stimulus der current clamp conditions (Figure 2) . Again, there intensities (10-20 A) to activate TC and IC axons. Under was no difference between the TC and IC pathways. these conditions, more than 70% of stimuli failed to The amplitude histograms ( Figure 2B ) and cumulative elicit a response, and EPSPs of successful stimuli were probability plots ( Figure 2C ) for EPSPs of both tracts were very similar (n ϭ 4 neurons). The fits of Gaussian mostly quite small. Figures 3A-3C show examples of Single axons of each pathway were activated using cept that the TC pathway had substantially more large events than the IC pathway ( Figures 3A and 3D) Figure 5A , the success rate was 0.87 at the first pulse The blockade rates of single-shock EPSCs were significantly faster for the TC synapses than for the IC synapses ( Figures 9C and 9D) . The trend is also clear in the single-neuron results, where TC NMDA EPSCs were blocked faster than IC NMDA EPSCs in 9 of the 11 neurons. When data from all neurons under control ionic conditions were pooled, the average number of stimuli necessary to reach half amplitude was 27 Ϯ 16 for the TC pathway and 41 Ϯ 27 for the IC pathway (p Ͻ 0.01; Figure 9E ). This pathway-specific difference in decay rates disappeared when MK-801 experiments were conducted in a medium containing 3 mM [Ca] and 
IC synapses account for the different MK-801 decay
axon, and (3) the mean release probability ( p r ) of TC synapses is roughly 1.5 times higher than that of IC synapses. Using the simple relation between efficacy and parameters of innervation, release probability, and quantal size, E ϭ q·n·p r , we can predict that each connection from a thalamic neuron to a layer 4 cortical neuron is, on average, about 4.8 times more effective than the connection between two cortical neurons. This provides a possible cellular mechanism for the observation, based on cross-correlation of spikes, that TC connections are about 10-fold more effective than IC connections in the cat visual system (Toyama et al., 1981; Tanaka, 1983; Reid and Alonso, 1996).
An alternative measure of single-axon efficacy could, in principle, be derived from minimal-stimulation experiments. Indeed, we found that the mean amplitude of TC responses under normal ionic conditions was about 2.6 times larger than that of IC responses. This ratio is close to the one reported by Stratford et al. (1996) for suspected TC connections and identified IC connections but smaller than the efficacy ratio we calculated in the preceding paragraph. At least one reason for this discrepancy is that there is no definitive way to distinguish failures of axonal activation from failures of transmitter release in minimal-stimulation experiments. Accordingly, the mean response amplitudes that we and Stratford et al. (1996) calculated were derived from successful events only; since p r is higher in TC than in IC synapses, the ratios obtained from minimal stimulation underestimate the efficacy difference between TC and IC connections.
It is unlikely that synapse position, and resulting electrotonic differences, differentially distorted our measurements of TC and IC synapse properties. About 80% of the neurons in layer 4 of mouse cortex are small spiny stellate or pyramidal cells, and our stained cells were all small spiny types. Modeling suggests that these cells Our results suggest that the average TC axon provides some axonal branches, n for both pathways could be underestimated. Second, extracellular stimulation tends more release sites on a layer 4 neuron than do most IC axons. It is not possible to give full structural meaning to select for larger diameter axons (Swadlow, 1998), which might have more release sites than thinner axons. to this conclusion. In some central systems, a release site seems to be anatomically equivalent to a synapse This would probably influence measurements of IC axons most; while TC (ventral posterior medial nucleus of active zone (e.g., Korn et The sparseness of TC boutons in layer 4 seems to and independent p r , the probability of all sites releasing imply that the connections from thalamus are relatively on a single trial ( p all ) is simply p all ϭ ( p r ) n . We do not weak. But TC connections may be more reliable and know the absolute values of p r , although our one TC potent than simple bouton numbers suggest, thanks single-release site (Figures 4A-4C) suggested it was perhaps to the high p r and multiple release sites allowed high ( p r ≈ 0.8). More conservatively, if mean p r is equal by their large terminal size. The effectiveness of the TC to 0.5 and n is equal to 7 (i.e., our estimate of n for the pathway is also subject to other factors, such as the average TC axon), then p all equals ‫.800.0ف‬ In this case, precise alignment of thalamic axons and cortical targets our sample sizes would yield a reasonable estimate of ( 
